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,QWURGXFWLRQ
7KHSDSHUFRQFHUQVEXLOGLQJVWKDWDUHFKDUDFWHUL]HGE\FRPSRXQGVKHOOURRIVDQGFRPSRXQGSODLQZDOOHGIROGHG
HOHYDWLRQV7KHURRILVFRPSRVHGRIPDQ\VPRRWKUHFWLOLQHDUVKHOOVPDGHXSRIVWHHOVKHHWVIROGHGLQRQHGLUHFWLRQWR
REWDLQWKHEXLOGLQJRIPHGLXPRUORQJVSDQV)LJV>@7KHVKHHWVDUHWUDQVIRUPHGLQWRVSDWLDOVKDSHVDVDUHVXOW
RIDVVHPEOLQJWKHPWRWZRVNHZGLUHFWULFHVSDVVLQJFURVVZLVHIROG¶VGLUHFWLRQV7KHFRPSOHWHVKHOOVLQWKHURRIKDYH
WREHVHSDUDWHGIURPHDFKRWKHUZLWKHGJHVGLVWXUELQJVPRRWKQHVVRIWKHURRIEHFDXVHRIDGLYHUVLILFDWLRQRIVXSSRUWLQJ
OLQHVRIWKHFRQVHFXWLYHIROGV>@


)LJ7UDQVIRUPHGVKHHW   )LJ7ZREXLOGLQJVFRYHUHGZLWKWKHWUDQVIRUPHGVKHHWLQJ¶V
(DFKHOHYDWLRQRIWKHSURSRVHGIUHHIRUPEXLOGLQJVLVFRPSRVHGRIDIHZSODQHZDOOVFRYHUHGZLWKJODVVSODWHV7KH
VWUXFWXUDOV\VWHPRIHDFKFRQVLGHUHGEXLOGLQJLVHLWKHUDVWLIIVSDWLDOIUDPHRUDVXPRIPDQ\VWLIISODQDUWUXVVHVVWLIIHQ
DGGLWLRQDOO\ZLWKEUDFLQJVDQGDGGLWLRQDOPHPEHUVVXSSRUWLQJWUDQVYHUVDOO\WKHVKHOOVKHHWVRQWKHLUOHQJWK
&ULWLFDODQDO\VLVRINQRZOHGJH
)UHHGRPDQGDZLGHUDQJHRIWKHVKHHWVKDSHWUDQVIRUPDWLRQVHQDEOHGHVLJQLQJWKHIUHHDQGGLYHUVLILHGFRPSOHWH
VKHOOURRIIRUPV>@7KHIUHHGRPLVUDUHO\XVHGIRULQWHJUDWLQJDPXWXDOORFDWLRQDQGVKDSHVRIWKHEXLOGLQJURRIDQG
HOHYDWLRQV>@
9DULRXVFRQILJXUDWLRQVRIDIHZVKHOOURRIVHJPHQWVVSUHDGRQWKHVDPHKRUL]RQWDORUREOLTXHSODQHDUHPRVWRIWHQ
GHVLJQHG>@$QDUUDQJHPHQWRIWKHURRIVHJPHQWVRQDUHJXODUVXUIDFHLVRFFDVLRQDOO\PHW>@*ODVVHOHYDWLRQVDUH
RIWHQXVHGKRZHYHUIROGHGDQGREOLTXHRQHVDUHQRWWRRRIWHQHPSOR\HG>@7KHPRUSKRORJLFDODQDO\VLVPHWKRGRORJ\
SURSRVHGE\$OHNVDQGUD3URNRSVNDLQZRUNV>@LVKHOSIXODQGYHU\FRQYHQLHQWLQVKDSLQJFRQVLVWHQWDQGDWWUDFWLYH
IUHHIRUPEXLOGLQJV(PSLULFDODQGQXPHULFDOUHVHDUFKRQVWDWLFVWUHQJWKDQGEXFNLQJRIWKHSURILOHGVKHHWVDUHEHLQJ
FRQWLQXHG>@6WUXFWXUDOV\VWHPVVXSSRUWLQJWKHFRUUXJDWHGVKHOOVDUHVWLOOGHYHORSHG>@
$LPFRQFHSWDQGUDQJHRIWKHZRUN
7KHDLPRIWKHSDSHULVWRSUHVHQWDPHWKRGRIVKDSLQJLQQRYDWLYHIRUPVRIEXLOGLQJVURRIHGZLWKWKHIROGHGVWHHO
VKHHWVWUDQVIRUPHGHIIHFWLYHO\LQWRVKHOOVKDSHVKDYLQJREOLTXHJODVVHOHYDWLRQVDQGVWUXFWXUDOV\VWHPVLQWHJUDWHGZLWK
WKHVKHOOURRI7KHSKHQRPHQRQRIWKHPHWKRGLVWKHIDFWWKDWLWH[SORLWVJUHDWSRVVLELOLWLHVRIWKHVKDSHFKDQJHVRIWKH
IROGHGVKHHWVLQDZLGHUDQJHWRDFKLHYHFRQVLVWHQWIUHHIRUPV>@
)RUWKLVSXUSRVHWKHPHWKRGUHTXLUHVFUHDWLQJDVSHFLILFVSDWLDOQHWZRUNFDOOHGFRQWUROVWUXFWXUH%RUGHUFRQGLWLRQV
DVVXPHGIRUWKLVQHWZRUNGHFLGHRQDJHQHUDOIUHHIRUPRIWKHEXLOGLQJDIRUPRILWVVWUXFWXUDOV\VWHPDQLQWHJUDWLRQ
RILWVURRIDQGHOHYDWLRQIRUPVDQGFRPSRVLWLRQRILWVIRUPLQWRWKHQDWXUDORUEXLOWHQYLURQPHQWV(DFKFRPSOHWH³FHOO´
RIWKHQHWZRUNLVSURGXFHGE\DWHWUDGRISODQHVVRWKDWHDFKSODQHRIWKHWHWUDGFRQWDLQVRQHVHJPHQWRIDERUGHUOLQH
RIWKHFRPSOHWHURRIVKHOO7KHUHIRUHWKHERUGHUOLQHLVFRPSRVHGRIIRXUOLQHVLQFOXGLQJWZRGLUHFWULFHV%RUGHUSODQHV
RIWKHQHWZRUNFRQWDLQHOHYDWLRQZDOOV,QWHUQDOSODQHVRIWKHQHWPD\FRQWDLQZLQGRZVRIVN\OLJKWV
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*HRPHWULFDOVKDSLQJRIFRPSRXQGURRIVKHOOV
(DFK³FHOO´RIWKHFRQWUROQHWZRUN*LVDWHWUDKHGUDOVKDSHFDOOHGFRQWUROFRPSRVLWLRQ*iFUHDWHGRQWKHEDVHRID
WHWUDGRISODQHVLQVXFKDZD\WKDWDIRXUSRVVLEOHWULDGVRIWKHSODQHVEHORQJLQJWRRQHWHWUDGLQWHUVHFWHDFKRWKHUDW
SRLQWVHi,jIRUj WRFDOOHGYHUWLFHVRI*i *)LJEIRXUSDLUVRIWKHDGMDFHQWSODQHVRIWKHWHWUDGLQWHUVHFW
HDFKRWKHULQVLGHHGJHVh1,jRI*FWZRSDLUVRIWKHRSSRVLWHSODQHVRIWKHWHWUDGLQWHUVHFWHDFKRWKHULQD[HVot1DQG
ow1RI*
,QWKHZRUNLWLVSURSRVHGVXFKDZD\RIVKDSLQJWKHQHW*WKDWFRQVLVWVLQVHWWLQJWRJHWKHUWKHFRQVHFXWLYHFRQWURO
FRPSRVLWLRQV*iVRWKDWWZRDGMDFHQWFRPSRVLWLRQV*iDQG*i+1KDYHWKHLUIDFHVFRQWDLQHGLQWKHVKDUHGSODQHRI*7KH
D[HVRIWKHQHZO\DGGHGFRPSRVLWLRQV*jKDYHWREHFRQWDLQHGLQUHOHYDQWSODQHVRIWKHFFRQWUROFRPSRVLWLRQVFUHDWHG
HDUOLHU)RUH[DPSOHWKHD[LVot)LJLVFRQWDLQHGLQDUHOHYDQWSODQHRI*DQGWKHD[LVowLQDUHOHYDQWSODQHRI
*6LPLODUO\VRPHYHUWLFHVRIWKHQHZO\DGGHG*iKDYHWREHORQJWRWKHUHOHYDQWVLGHHGJHVRIWKHH[LVWLQJSDUWRIWKH
QHW*


)LJ$FRQWUROFRPSRVLWLRQFRQWUROVWUXFWXUHGLVFRQWLQXHDQGFRQWLQXHFRPSRXQGVKHOOURRIV
$QLQQRYDWLYHDUFKLWHFWXUDOIRUPLVSURGXFHGE\QLQHFRQWUROFRPSRVLWLRQV)LJVRWKDWDDFHQWUDOURRIVKHOO
VHFWRULVVLWXDWHGRYHURWKHUHLJKWVHJPHQWVDQGVHSDUDWHGIURPWKHPZLWKIRXUSODLQZLQGRZVEHOHYDWLRQZDOOVDUH
PRYHGWRZDUGVHDFKRWKHULQRUGHUWRREWDLQDQHIIHFWRIDFRQVLGHUDEOHIROGLQJRIWKHHOHYDWLRQ
'LYHUVLILHGEXLOGLQJV\VWHPVGLIIHUHQWIURPWKHRQHVSUHVHQWHGHDUOLHUDUHVKRZQLQ)LJV$OOYHUWLFHVDQG
D[HVRIDFRQWUROFRPSRVLWLRQRIWKHEXLOGLQJSUHVHQWHGLQ)LJDUHDUUDQJHGRYHUDEDVHSODQHRIWKHEXLOGLQJ7ZR
YHUWLFHVDQGRQHD[LVRIDFRQWUROFRPSRVLWLRQRIWKHEXLOGLQJSUHVHQWHGLQ)LJDUHDUUDQJHGRYHUDEDVHSODQHRIWKH
EXLOGLQJKRZHYHU WZRRWKHUYHUWLFHVDQGRQHD[LVRI WKHFRQWUROFRPSRVLWLRQDUHDUUDQJHGEHORZ WKHEDVHRI WKH
EXLOGLQJ


)LJ$FRQWUROFRPSRVLWLRQDFRQWUROVWUXFWXUHDQGDGLVFRQWLQXHVKHOOURRI

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
)LJ$FRQWUROFRPSRVLWLRQDFRQWUROVWUXFWXUHDQGDGLVFRQWLQXHVKHOOURRI
6WUXFWXUDOVKDSLQJRILQQRYDWLYHFRPSRXQGEXLOGLQJIRUPV
(DFKFRPSOHWHURRIVKHOOFRQVLGHUHGLQWKHSDSHULVPRGHOOHGZLWKDFHQWUDOVHFWRU:RIDQREOLTXHK\SHUEROLF
SDUDERORLGZ 6HOHFWHG SURSHUWLHV RIZ DUH HPSOR\HG WR REWDLQ D SRVVLELOLW\ RI GHFRPSRVLQJ D ORDG YHFWRU LQWR
FRPSRQHQWVSDUDOOHODQGSHUSHQGLFXODUWRDQ\UXOLQJRIZLQFOXGLQJLQWRGLUHFWLRQVWDQJHQWDQGQRUPDOWRZZKHUH
ZLVWKHQHXWUDOVXUIDFHRIWKHVKHOOURRI,IWKHVHSURSHUWLHVDUHNQRZQWKHQORDGLQJFRQGLWLRQVFDQEHHYDOXDWHGDQG
QH[WDVWUXFWXUDOV\VWHPFDQEHVKDSHG)LQDOO\VWUHQJWKDQGVWDELOLW\RIWKHWUDQVIRUPHGFRUUXJDWHGURRIVKHOODQGWKH
VWUXFWXUDOV\VWHPRIDEXLOGLQJFDQEHGHILQHG
,QRUGHU WRGLVWLQJXLVK WKH LPSRUWDQWJHRPHWULFDOSURSHUWLHVRI WKHREOLTXHK\SHUEROLFSDUDERORLGZ D FRQWURO
FRPSRVLWLRQ*i *KDYLQJDQD[LVzRIV\PPHWU\LVFRQVLGHUHG)LJ,QWKLVFDVHWKHERUGHUOLQHEpEkFkFpRI*
FDQEHGHILQHGDVIROORZV


)LJ$FRQWUROFRPSRVLWLRQDQGDFHQWUDOVHFWRURIDQREOLTXHK\SHUEROLFSDUDERORLG
$SRLQWOzLVDVVXPHG$SODQHSHUSHQGLFXODUWRzDQGSDVVLQJWKURXJKOLQWHUVHFWVVLGHHGJHVRI*DWSRLQWV
IURPZKLFKFRQJUXHQWVHJPHQWVDUHPHDVXUHGWRREWDLQWKHYHUWLFHVEpEkFkFpRIWKHERUGHUOLQHRI*&HQWUDO
UXOLQJVtsDQGwsRI*FDQEHOHGWKURXJKWZRSDLUVRIWKHLQWHUPHGLDWHSRLQWVRIWKHVHFWRUVEpEkFpFkEpFpDQG
EkFk7KHUXOLQJwsLVLGHQWLFDOZLWKWKHD[LVyDQGWKHSRLQWOLVDQRULJLQRIDORFDOFRRUGLQDWHV\VWHP>x, y, z@RI
Z7KHD[LVxAyLVFRQWDLQHGLQWKHSODQHwstsDQGLWLVGLIIHUHQWIURPts7KHD[LVzLVQRUPDOWRxy7KHGLUHFWRU
YHFWRUVYWLDQGYZLRIWKHFRQVHFXWLYHUXOLQJVwiDQGtiDVZHOODVWKHYHFWRUYSLQRUPDOWRZDWDQ\SRLQWPiwiFDQEH
GHILQHGZLWKWKHDQJOHVEiDQGGi)LJ7KHVHDQJOHVFDQEHFDOFXODWHGDV
1549 Jacek Abramczyk /  Procedia Engineering  161 ( 2016 )  1545 – 1550 

WJ__
FRV
WJ
DUFWJ
N
N
J
E


 
EiEi
Ei
i xy
x
 
DQG

WJ


DUFWJ FRV

N
E
G 

 
Pi
i
ss
EiPi
i x
FE
yy
 
ZKHUH
__


WJ
Ei
ss
Ei
x
FE
y


 N   
,I* GRHV QRW KDYH WKH D[LV RI V\PPHWU\ WKHQ: KDV WR EH H[SDQGHG LQWR D FHQWUDO VHFWRU RIZ E\PHDQV RI
WUDQVIRUPDWLRQVNQRZQIURPGLIIHUHQWLDORUSURMHFWLRQJHRPHWULHV
,QRUGHUWRREWDLQWKHIUHHIRUPEXLOGLQJVRIPHGLXPRUORQJVSDQVPDQ\FRPSOHWHVPRRWKVKHOOV)LJFDQEH
UHJXODUO\DUUDQJHGLQWRULEEHGRUGLVFRQWLQXRXVVWUXFWXUHV)LJV7KHFURVVZLVHERUGHUVRIWKHDGMDFHQWVKHOOVLQ
DURRIDUHXVXDOO\VXSSRUWHGE\YDULRXVGLUHFWULFHVWKDWPD\EHFRQQHFWHGZLWKHDFKRWKHUWRSURGXFHRQHVSDWLDOJLUGHU
0DQ\GLKHGUDODQGSODQDUDQJOHVEHWZHHQURRIVKHOOVHOHYDWLRQVDQGVN\OLJKWVFDXVHWKDWHDFKVWUXFWXUDOV\VWHPVKRXOG
EHVWUHQJWKHQHGZLWKWKHKHOSRIDGGLWLRQDOEUDFLQJVDQGLQWHUPHGLDWHPHPEHUVVXSSRUWLQJWKHWUDQVIRUPHGURRIVKHHWV
WRDFKLHYHDVWLIIIUDPH
+RZHYHULWFDQEHUHSODFHGE\SODQHWUXVVHVDQGZDOOVFRQQHFWHGZLWKHDFKRWKHUE\PHDQVRIDUWLFXODWHGMRLQWV
DQGDGGLWLRQDOEUDFLQJVRIYDULRXVW\SHV)LJV7KHLQGLYLGXDOURRIVKHOOVFUHDWLQJWKHFRPSRXQGHGJHVKHOOURRI
FDQEHWUDQVODWHGDQGURWDWHGLQWRWKHLUQHZSRVLWLRQVWRREWDLQYDULRXVIUHHIRUPVRIWKHHQWLUHEXLOGLQJLQFOXGLQJZLWK
ZLQGRZVOHWWLQJWKHQDWXUDOOLJKWLQWRWKHEXLOGLQJLQWHULRU7KXVWKHVKDSHRIWKHVWUXFWXUDOV\VWHPVKRXOGEHDGRSWHG
WRWKHEXLOGLQJIUHHIRUP


)LJ$UFKLWHFWXUDOIRUPVRIDQLQQRYDWLYHFRPSOHWHEXLOGLQJDQGLWVIUDPHZRUN

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
)LJ$VWUXFWXUDOV\VWHPRIWKHFRPSRXQGFRQWLQXRXVEXLOGLQJIRUPGHVFULEHGDERYH
&RQFOXVLRQV
7KHSURSRVHGPHWKRGHQDEOHVURRILQJRIWKHEXLOGLQJVRIPHGLXPDQGORQJVSDQVZLWKWKHLQQRYDWLYHV\VWHPVRI
VKHOOVPDGHXSRIWKHIROGHGVWHHOVKHHWVWUDQVIRUPHGIURPSODQHLQWRVKHOOVKDSHV7KHPHWKRGOHDGVWRWKHGLYHUVLILHG
PXOWLYDULDQWV\VWHPVRILQQRYDWLYHDUFKLWHFWXUDOIRUPVRIEXLOGLQJVSURGXFLQJE\PXOWLVHJPHQWVKHOOURRIIRUPVDQG
SODQHZDOOHG IROGHG DQG REOLTXH HOHYDWLRQ IRUPV 7KH XVH RI WKH VWHHO IROGHG VKHHWV UHGXFHV FRVWV RI WUDQVSRUW
DVVHPEO\DQGHUHFWLRQRIWKHEXLOGLQJDQGLWSURWHFWVWKHQDWXUDOHQYLURQPHQWDVZHOO
%HFDXVHRIWKHJHRPHWULFDODQGPHFKDQLFDOUHVWULFWLRQVUHODWHGWRVKDSHFKDQJHVRIWKHVKHHWVWKHURRIVDUHGHVLJQHG
DVFRQWLQXRXVHGJHVWUXFWXUHVRUGLVFRQWLQXRXVVWUXFWXUHVZLWKDUHDVIXUQLVKHGZLWKSODQHZLQGRZV7KHVHUHVWULFWLRQV
DIIHFWWKHZD\LQZKLFKWKHLQQRYDWLYHIUHHIRUPVVKRXOGEHVXSSRUWHGVRVSHFLILFVWUXFWXUDOV\VWHPVFRPSRVHGRI
VWLIIIUDPHVDQGEUDFLQJVRIYDULRXVW\SHVRXJKWWREHDSSOLHG
7KH VLPSOH SDUDPHWULF QHWZRUN FUHDWHG E\ PHDQV RI WKH PHWKRG LPSURYHV WKH SURFHVVHV RI VKDSLQJ WKH IUHH
DUFKLWHFWXUDOIRUPRIWKHEXLOGLQJDQGLWVVSHFLILFVWUXFWXUDOV\VWHPDVZHOODVFRQVLVWHQWFRPSRVLQJRIWKHIUHHIRUP
LQWRWKHQDWXUDORUEXLOWHQYLURQPHQWV7KHQHWLVDOVRDGDSWDEOHWRWKHPDWHULDOVXVHGVRWKH\FDQEHHFRQRPLFDQG
HFRORJLF
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